This study aims to investigate the applicability of Sd/StFFF and to develop a method for size characterization of urban airborne particles, focusing primarily on particles larger than about 1 mm. It was found that the airborne concentration vary with time, although no particular seasonal trend was observed. When averaged over time, the airborne concentration was the lowest in the park areas with 99 µg/m 3 . The apartment, industrial, and central city area showed similar levels of the airborne concentrations with 166, 170, and 171 µg/m 3 , respectively. The housing area showed the highest airborne concentration with 201 µg/m 3 among all tested areas. A power-programmed Sd/StFFF was used for size analysis of airborne particles with the initial field strength of 300 rpm, ta = 4, ti = −16, p = 8, and the flow rate of 7 mL/min. It was found that urban airborne samples were mostly populated by particles having diameters between about 5 to 20 µm, although all have broad size distributions ranging up to about 50 µm. Under the Sd/StFFF condition used in this study, no significant differences were found in size distributions among the airborne particles collected at different urban sites, and also among those collected at different times.
Introduction
There exist various sources of airborne particles in urban area, which include waste-incinerators, vehicles, househeating systems, and manufacturing facilities. There are two types of airborne particles, the primary and the secondary particles. The primary particles (usually larger than 1-2 µm) are those emitted directly into air by the sources mentioned above, and the secondary particles (usually smaller than 1-2 µm) are those transformed from gases by photo-chemical reactions in the air.
Airborne particles are of environmental concern as they cause visibility reduction, acid rain, and even the climate changes.
1,2 They may carry toxic chemicals, and can cause serious health problems by penetrating and delivering the chemicals into human respiratory systems. [3] [4] [5] [6] [7] [8] [9] [10] It has been reported that the airborne particles, not the chemicals carried by the particles, are responsible for the tumor response due to the particles overloading the lung clearance system. [11] [12] [13] Generally smaller particles are considered to be more dangerous as they can penetrate deeper into the human respiratory system. 14 Thus to fully assess the environmental impact of airborne particles, it is important to analyze the particle size distribution as well as the toxic elements associated with the particles.
Field-flow fractionation (FFF) is a separation technique useful for size characterization of various particlulates. 15, 16 Among FFF sub-techniques, the steric mode of sedimentation FFF (Sd/StFFF) is particularly useful for the separation/ characterization of particles larger than about 1 µm. For particles of uniform density, Sd/StFFF provides size-based separation of particles, and allows the Sd/StFFF elution profile ("fractogram") to be directly transformed to the size distribution. High resolution and speed have made Sd/StFFF an attractive tool for the analysis of various particulate materials including, biological cells, 17 chromatographic support particles, 18 and industrial materials. 19 It has also been shown that Sd/StFFF is potentially useful for size characterization of diesel engine soot particles. [20] [21] [22] This study aims to investigate the applicability of Sd/ StFFF for size characterization of airborne particles, focusing on the primary particles which are usually larger than about 1 µm.
Theory
In Sd/StFFF, the retention time, tr of particles having diameter, d, is given by 23 (1) where w is the FFF channel thickness, t o the channel void time, and γ a dimensionless "steric correction factor". If γ is assumed to be a constant, tr is inversely proportional to d. Thus Sd/StFFF can provide size-based separations, where larger particles elute earlier than smaller particles. Due to the uncertainty in γ, the size analysis by Sd/StFFF requires a calibration (log tr vs. log d), The Sd/StFFF calibration curve is usually linear, and is expressed by 
Experimental Section
Calibration standards. The standard particles having narrow size distributions were used for calibration of Sd/ StFFF. They were polystyrene-divinyl benzene copolymer latex beads obtained from Duke Scientific Corporation (Palo Alto, CA). The narrow standards having different sized were mixed together without dilution for preparation of a standard-mixture.
Airborne particle collection. For the collection of airborne particles, five areas were chosen in and around an urban area having population of around 1 million. They were (1) park area (denoted as "P"), (2) industrial area (denoted as "I"), (3) Housing area -area crowded by individual houses (denoted as "H"), (4) city center with heavy traffic (denoted as "C"), and (5) the area populated by high apartment buildings (denoted as "A"). Three collection sites (A, B, and C) were chosen for the park (P), industrial (I), and the housing area (H), respectively, and one site for each of the other two areas. Total number of collection sites was thus 11. Airborne samples were collected four times from each site (yielding four groups of samples) with an interval of about two months in the span of about 7 months (beginning in December through June in the following year). Each time, samples were collected from all 11 sites at the same time. Total number of samples was thus 44. Table 1 shows four groups of airborne samples (Group-1~4) collected in this study, with each group consisted of 11 samples collected from each site at the same time. For sample collection, an Andersen high volume air sampler (SAUV-1H, Andersen, USA.) was used with a 0.3 µm glass microfiber filter (CAT.NO. 1882 866, Whatman international LTD, Maidston, England). For each collection, the collection period was about 24 hours with the average throughput-volume of 1706 m 3 . Preparation of airborne dispersion in water. After the sample collection was completed, the glass microfiber filter in the Andersen sampler was cut into small pieces, and placed in a 150 mL beaker. First, about 10 mL of ethanol was added to wet the filter paper. Then about 90 mL of pure water was added, and sonicated in a water-bath (FS60 Ultrasonic Cleaner, Fisher Scientific, Pittsburgh, USA) for 8 hours to remove the air-borne particles from the filter paper. During sonication, the bath-water was changed every hour to prevent over-heating. After removing the filter papers from the beaker, the mixture of the airborne particles and an aqueous medium (water + ethanol) was transferred to a test tube, and centrifuged. The precipitated airborne particles were washed with pure water twice, and then vortexed in an aqueous medium (water containing 0.1% FL-70) for particledispersing.
For acetone-wash of the airborne particles, 1 mL of the dispersed airborne sample was taken into a test tube and centrifuged. The precipitated airborne particles were washed with pure water. The particles were then vortexed in 5 mL of acetone for 1 min, and centrifuged for 20 min. After removing acetone, 20 mL of water was added and vortexed for 1 min to wash the particles. Acetone-wash was repeated three times. After the acetone-wash, the particles were dispersed in the same medium (water containing 0.1% FL-70).
Sedimentation Field-Flow Fractionation (SdFFF). The SdFFF system is similar to a Model S100 available from Postnova USA (Salt Lake City. Utah). The SdFFF channel is 90 cm long (tip to tip), 1.5 cm in breadth, and 0.019 cm in thickness. The rotor radius is 15.1 cm. The carrier solution was pumped by a M930 HPLC pump (Young-Lin Scientific Co., Anyang, Korea). The elution of particles was monitored by a UV-106 UV/VIS detector (Linear Instruments, Reno, USA) operating at the fixed wavelength of 254 nm. The detector signal was processed using the software obtained from Postnova USA. Sample injection volume was 20-30 µL depending on the sample concentration.
Results and Discussion
Determination of airborne concentration in air. The airborne concentrations (in µg/m 3 ) were determined from the mass differences of the glass microfiber filter placed in the Andersen air sampler before and after the sample collections. The results are summarized in Table 2 for all 44 samples, and are also shown in Figure 1 . It is noted in Table  2 that, for each of the park (P), industrial (I) and housing areas (H), the airborne concentration varies among the three different sites (A, B, and C). That is probably due to the fact that the three sites of each area are in three different areas that are far apart from each other. In Figure 1 , the airborne concentrations determined for all three sites (A, B, and C) in each of the park (P), industrial (I) and housing areas (H) were averaged. It can be seen from Table 2 and Figure 1 that the airborne concentrations vary with time in all areas. However no particular seasonal trend was observed. When averaged over time, the airborne concentration was the lowest in the park area with the average airborne concentration of 99 µg/m 3 . The apartment, industrial, and the city center area showed similar levels of the airborne concentrations with 166, 170, and 171 µg/m 3 , respectively. The housing area showed the highest overall airborne concentration of 201 µg/m 3 among all tested areas. It is interesting to see that the airborne concentration is higher in the housing area. Further study is needed for detailed discussion on the difference in the airborne concentration among different urban areas. Table 2 also shows the air concentration of Fe determined by ICP. Figure 2 shows the airborne concentration overlaid with the air concentration of Fe for different samples, where for each sample, both the airborne and the Fe concentrations of the sample in four different groups were averaged. The error bars represent ±one standard deviation. The airborne concentration is in µg/m 3 , and the air concentration of Fe is in ppb. To have both the airborne concentration and the air concentration of Fe in the same y-scale, the air concentration of Fe (ppb) was multiplied by 100. Over all, the airborne concentration and the air concentration of Fe tend to follow similar trends the sample having high airborne concentration tend to have high concentration of Fe. Similar results were obtained for other groups of the airborne samples (those collected at other times). These results suggest that the air concentration of Fe is closely related with the airborne concentration.
Size determination of airborne particles using Sd/ StFFF. Based on preliminary studies for the optimization of Sd/StFFF for size analysis of airborne particles, a powerprogrammed 25 Sd/StFFF was finally chosen in this study, where the field strength (the channel rotation speed) was gradually decreased during a run according to a power function. The power-programming is usually employed to prevent excess retention of samples having broad size distributions, and thus to reduce the total analysis time. In this study, a power-programming was used for all Sd/StFFF analysis of airborne particles with the initial field strength of 300 rpm and other programming parameters set at ta = 4, ti = −16, and p = 8. The flow rate was constant at 7 mL/min. All airborne samples were dispersed in an aqueous medium which was the same as the Sd/StFFF carrier liquid, water containing 0.1% FL-70. Airborne particles may contain some organic compounds, which could cause aggregation of the airborne particles. If present, the aggregated particles need to be disintegrated for reliable and reproducible size data from Sd/StFFF analysis. Figure 3 shows power-programmed Sd/StFFF fractograms of the sample IA-1 (airborne sample collected at the collection site-A of the industrial area in December) obtained with and without acetone-washing (see Experimental Section for the acetone-washing of the airborne particles). As shown in Figure 3 , the Sd/StFFF elution profile ("fractogram") of acetone-washed airborne particles is clearly different from that of the same sample obtained without acetone-washing. After the acetone-washing, the fractogram signal (detector response) was lowered at the beginning of elution (at lower retention time), while it was increased at higher retention times. As explained earlier in the Introduction section, in Sd/ StFFF, larger particles elute earlier than smaller particles. Figure 3 shows there was an increase in population of smaller particles in the expense of larger particles, suggesting there were some larger aggregated particles in the sample which were disintegrated by the acetone-washing. In this study, all airborne samples were washed with acetone before Sd/StFFF analysis. Figure 4 and 5 show Sd/StFFF fractograms and corresponding size distributions of the group-1 samples, respectively. The size distributions shown in Figure 5 were Figure 4 , the void peak was removed from each fractogram. For all samples, the Sd/StFFF analysis time was shorter than 10 min. As shown in Figure 4 and 5, all airborne samples were populated mostly by particles having diameters between about 5 to 20 µm, although all have broad size distributions ranging up to about 50 µm. No particular trends or significant differences in size distributions were observed among the samples in the same group (samples collected at the same time in different areas). Similar results were obtained for the samples in other groups. The results shown in Figure 5 suggest that there is no significant difference in size distributions of the airborne particles collected in different urban areas. Figure 6 shows size distributions of the samples IC-1~4 which were samples collected at the site-C of the industrial area at different times. Still, no significant differences were found among the airborne samples collected at the same site at different times. Again similar results were obtained for the samples collected at other sites. The results shown in Figure  6 suggest again that there is no significant seasonal variation in size distributions of the airborne particles collected at the same site.
Conclusions
In this study, airborne particles were collected at various urban sites and at different times, and were analyzed for airborne concentration and the air concentration of Fe using ICP. The applicability of Sd/StFFF for size analysis of airborne particles was also investigated. Results obtained in this study indicate Sd/StFFF could be a useful tool for size analysis of airborne particles, providing not only the average size but also the size distribution. Under the Sd/StFFF conditions used in this study, no significant differences were found in size distributions among the airborne particles collected at different urban areas, and also among those collected at different times. Effort for further optimization of the sample preparation procedure and of the Sd/StFFF method is in progress to obtain higher resolution (or the resolving power) in size-based separation of the airborne particles, and thus to improve the accuracy in the size determination. The use of Sd/StFFF method developed in this study could be extended to other types of environmental particles having complex chemical compositions and broad size distributions. 
